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ABSTRACT 


Communication of binary data over an additive white 
Gaussian channel by means of coded transmission over coherent 
phase-shift keyed modems is considered. It is found that 
for high rate codes and coarse receiver output quantization, 
the minimum value of EVN, required for reliable communica- 
trom 1S Siprittiteanviy hveher than the Shannon limit of 
~1.6 dB. for the raw channel. This loss of efficiency is 
investigated quantitatively as a function of code rate and 
coarseness of quantization, and shown to be negligible for 
Her race code with fine quantization. Similar results are 
presented showing the minimum E,/N, ratio for operation in 
the region where a sequential decoder performs finite 
erate weompucar@on. in conmmection with this, tables"and 
curves are given which show the value of the Pareto 


parameter p as a function of E/N: 
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1.) ANPTRODUC ILO) 


Pee oly OF TRE ADDITIVE WHITE GAUSSIAN NOISE CHANNEL 
Shannon's formula [Ref. 1] for the capacity of the band- 
limited additive white Gaussian noise (AWGN) channel, shown 


iaecme communication scheme of Figure 1 is 


a a Je : 
C = 5 log. (1 + NW bits/baud 
Ne F 
or C = W log, (1 + Tw? bits/second 
a 


where W is the bandwidthof channel, P is the average trans- 


N 
mitted power, and = is the noise power spectral density. 


As W approaches infinity, i.e., the bandwidth is 


unlimited, 

Lim Ip 
C = Vico W log, (1 + NW? 
: ff 

Letting W = Fy 
Lam 1 Ph 
Lim 1. inG@s + Pha Ne 
h70 h 


vas 2 





bee L'Hospital rule 


le 
te ee Ne an ea 
ele pbs 
C = F bits/second 
ie in 2 






rocn- 
| ! 

Toaon qd ilat a 
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stream , t stream 

oe 4 


AWGN Channel 


Figure 1. System block diagram 


Let R denote the number of information bits to be 
transmitted per unit time (i.e., bits per second). Then, 
tme energy per bit is on = = - since C is the maximum 
number of bits per second which can be transmitted with 


aebrcrarily small error probability, must have reliable 


communication requires that R be less than C, or equivalently 





R = ——- < Cc = 
By NS ae 2 
E 
Oe a“ Pee 2 
O 
ED 
C1 Gar eee 0.69 approximately 
O 


Expressing the ratio in decibels, this becomes 


E 
b 
Fy ap 7 71-6 


0 


This is called the "Shannon limit." 

tine S@enificance of whis limit is that no matter what is 
in the boxes labeled "modulator" and "demodulator" in Figure 
1, the probability of error can be made arbitrarily small 
only if E,/N, exceeds -1.6 dB; conversely, if E/N, does 
exceed -1.6 dB, then there exists some "modulator" and 
"demodulator" to make the probability of error as small as 


desired. 


B. DISCRETIZING THE CHANNEL 
1. Bit-by-bit Antipodal PSK 
One modulation for binary Conan aa ean over the 
AWGN channel is the antipodal PSK system shown in Figure eé. 
The data stream is a sequence of +l1's so that over each 


baud of length T, the transmitted signal s(t) is a cosine of 


frequency Wo and phase either O or mt. Note that the energy 





eependea for intermationy bit is 


Zl Z2E 
if [jt cos w]* at 
0 : “ 


Il 


T 2 
J EsiGeaaikat 


where the simplifying assumption is made that a baud contains 
a ‘aveeral “umber of cycles of the cosine. The demodulator 
in this system is a correlation detector which requires an 
oscillator synchronized with that at the transmitter; the 
system is thus called a coherent system. The integrator 
output at time T is tested against the threshold 0. If 

mee > 0, themrecei ver deci@es that the data bit is +1, 

if Z(T) < 0, the decision is -1. The system operates 
identically over each baud, independent of all other bauds, 


and is therefore called a bit-by-bit system. 


n(t) 


modulator demodulator 







Ct) . : threshold 
; 1 device 






Figure 2. A model of bit-by-bit antipodal PSK system 





Letting R again denote the data rate, the baud length 


must satisfy T = 7 , 
Let the power spectral density function of white 
N 

noise be > me chuS its almocorrelation function is 


R(t) = G7? (2) 
Mls 
= >= §(T) 


Vons Ger in the@ea@se of "Sicmal inputPalone, 


OF 
i © b 
y(t) = —- «cos wt 


mon cme Integrator oukput at time T, 


ae 





Bp - 2 
Z.(T) A J cos” wit dt 


i 
+ 


+ JE, ; assuming that 


[0,T] contained integral number of cycles of the cosine. 


In the case of noise present alone, the output is 


T 
Z_(T) = J [2 nce) cos wit dt 


So, when noise and signal are presented in the system 





y(t) 


He aa 


I 


s(t) + n(t) 


BAT) + ZT) 


T 
o 
- > 
£ /E, + J Li mict aces wt ake 


The quantity 2st) is a zero mean Gaussian random variable 


: 2 
whose variance, oO 


But 


Z 
n 


rapno 


, can be found=as follows: 


EL(2,())°I 
i 2 
et| i! a n(t) cos Wt at)] ] 
0 


at T . 
f n(t) cos wt at| (J n(s) cos ws as} 1 


atk (1 


ie I 
en E[n(t)-n(s)| cos w t+cos wis dt ds 
0 0 S 


Pint) n (tm) ] 


5 eee - 

ri J J R(t-s) cos w,t-cos ws dt ds 

é ‘aa No 6(t-s) cos w t*cos ws dt ds 
fl 0 0 2 Cc Cc 

& f wt cos* wt dt 

No 

O 
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mie conditional probability density function of Z(T) given 


the data bat can be represented by Figure 3. 


PioRaen) Wdara = —1) f 
BPE a) i ace = tae 


~1 +1 


/, 
aie 
JOC, 


ZC) 


= 


Figure 3. Conditional probability density function of 
Z(T) in the case of a positive input of 
eamolitude i, and in taat of a negative input 
of amplitude -l. ; = 


- 
Ca 
ee 


Then, the probability of error, Pe, of the output 


stream after the threshold device can be found by. - 


V 


~1 | 


Pe = Prpgz(T) > 0) | data bit = -1] - Pridata bit 


A 


0) | data bit = +1) - Prfdata bit = 47) 


7 


+ Pr[ (Z(T) 


woe \ ¢ “ate -F 


Assuming equally likely data, 


Pridata = -1] = Pr[{data 


NO) te 


+1 | 


tet 





By symmetry 


emer) 2 0 | data bit = -1]/ = Pr[(Z(T) < 0 | data bit = +1] 


thus 


Pe = Pri(Z(’) 20) | data bit = -1) 


or Pe = Pr[(Z(T) <0) | data bit = +1] 


pamece this» conditional probability density function is 


N 
Gaussian with zero mean and variance o* = = 
JEp 
2 2 
Pe — _ iat J aes He EXC) ) ax 
[2m fe} 0 
Wt /G 
b 
= i = oe if a (9°/2) a 
2 , y 3 
jot 0 
where = x 
Y "6 
vee /No) 
b 
ree a ss en 72)) 
= om f € dy 
fat 0 
tes 
= Q( = ) 
O 


The probability of error is shown by the shaded area 
of the standard normal distribution function in Figure 4, 
where 


2 
f(y) = Be /2) 


fi 
yen 
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Mi bteuee 5 Lhe curve of probability of error versus 


E/N, in decibel is shown, along with the Shannon limit. 


f(y) 
ra 
b 
QC fy ? 
O 
OTE TELIZZIEZZ , 
0 
cE, 
N 
O 
cB 
Figure 4. Probability of error. Pe = Q( TO ) 
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= Shamnon limit 
a6 i 
a Anvittedal Psk 
107° | 
ome | 
107" | 


5 
We, eee gain 





3 = I) 15 
E/N,» dB. 


Figure 5. Probability of error as a function of SNR. 


ILS 





it can be seen that, for example, to obtain Pe of 107° 


with this scheme, (EL/N Go) ap must be 9.6 dB. On the other 
hand, the capacity theorem says that there is some system 
with essentially zero error probability whenever Bad Is 
exceed -1.6 dB [Ref. 2]. Thus, there is a potential gain of 
MPyaricuer the anbipedal ok" system: 
2. Antipodal PSK with Rate 1/2 Coding 

Part of the potential gain indicated in the previous 
section can be realized when the somewhat more complicated 
system of Figure 6 is used. This system still employs a 
coherent antipodal PSK modulation/demodulation scheme, but 
it differs from the previous system (Figure 5) in two impor- 
tant Wee nects- (1) more bits are transmitted per unit time 
than appear as data bits (in this cage , twice as many); and 
(2) the bits transmitted at any time depend MOVs Only son, ene 
present data bit, but also on some past data bits (thus this 


is not a bit-by-bit system). 


: alc . . 
transmitter (t) receiver 
aap oo ee ee i ee lie 1 
s. | | 
threshol 
A i old decoder 
device ‘output 
ee | , 
age, Se ea en ee eee ee l 
COSMiimit 
Bee 





Figure 6. A model of antipodal PSK with rate 1/2 coding 
system. 
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hevedatemslleameampuc be | bit for each T second interval, 
then, for code rate, R = 1/2, (R is defined to be the number 
of information bits per transmitted bit), the output from 
ea@eder will be 2 bitsetor each T second. 

Let E, be the energy expended per transmitted bit then 
E. =(1/2)E,. Assume that the use of the channel is as fol- 
lows: each bit is transmitted by binary antipodal signaling. 
[wees receiver, the best guess is made for each bit and tl 
See—-! 1s the output, accordingly. Thus, from the output of 
the encoder to the input of the decoder, the channel can be 
though of as a discrete system with binary input and binary 
Prout acbang as illustrated graphically below, where p is 
mmc Crror probability for pL eeDy Dit binary antipodal signal- 
ing. According to the solution in bit-by-bit antipodal PSK 


CEs 
nrouned previously, p = OC 
O 


+1 1- +1 
= > Hhron encoder To decoder -~———> 
p 
—J] il, 


This discrete channel, which is called the binary 
symmetric channel, has a capacity, C, with the following 
Significance: if the code rate R satisfied R < OC, nee. there 
exists a code (i.e., an encoder-decoder pair) such that the 


error probability can be made as small as desired. 


ue 





The capacity of the binary symmetric channel is 
given by 


C= 1 =- Hip) bit/use of channel. 


where Ge) =) =p LOgoP ~ (1-p) log. (1-p) 
cE. 
p= Q ae 
O 


ims tor reliable commumication in this syst@m, it is 


necessary that 


2B 
= FF _ Ss 
Ra = e<c=1-u[ala® )] 
O 
| 2 E,/e 
= — ROH } 
Ng 
Ea 
OF TNO] @B > 1.8 dB. 


When this condition is satisfied, there is some choice of 
encoder and decoder to make Pe,as small as desired. 

Note that this minimum ED/N, is still 3.4 dB above 
the Shannon limit. This difference is due to use of R = 1/2 
rather than a lower rate, and making hard decisions at the 
integrator output. In Chapter II, the minimum E/N. is 
determined for various rates and output quantizations, and 
it is shown that for low-rate codes and fine output 


Quantization, the Shannon limit is approached. 
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l._— Minimum E,/N 3 with 
R = 1/2 coding and 


hard decision 


Pe 





= beeen 3 6 9 Hee 


, GB 


Figure 7. Minimum E,/No» in dB, due to R = 1/2 


C. CAPACITY OF DISCRETE CHANNELS 

Consider a discrete memoryless channel (DMC) whose input 
pepecwes A COnsistsof Ghe K integers, 0, pee Ries ie 
amd whose output alphabet Y consists of the J integers, 
ween c, «2. , Jel. USine@intesgesss Tor™input and output 
letters simplifies the notation somewhat in what follows and 
also reemphasizes the fact that the name given to input and 
output letters are of no concern whatsoever. 

The channel is specified by a transition probability 


j =g-1, and o =k = K-1, 


WA 


assignment, P(j|k), given for 0 
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by definition, P(j|k) is the probability of receiving integer 
j given that integer k is the channel input. For example, 
see Figure 8. 

Sumee the channel is memoryless, each output letter in 
the sequence depended only on the corresponding input, and 
the probability of an output sequence Y = (Yy> Yor see a) 


given an input sequence X = (xy; Xx oe. x? is given by 


N 
PVC) = “Sr P 
ny $ |X) ms (y tx) 
Let Q(k) be the probability of using integer k, then the 
average mutual information [Ref. 3] between the input and 


output is 


K-1 J=1 ) 
L(X3¥) = ££ Q(k) + P(j]k) log, peddle) _ 


k=0 j=0 i OMglovneet [at 
1=0 


ioerre. ole Probability Of =recel Ving integer j Tewritren as 


} Q(i)P(j[i) 





Figure 8. Transition probability for K = 2 input, 


and J output 
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The capacity of C of a discrete memoryless channel (DMC) 
ts defined as the largest average mutual information Nese) 
that can be transmitted over the channel in one use, 


maximized over all input probability assignments. 


C = max y Qk) P(j|k) log, PG po 


CO mee mecha r) Kg 


C is the function only of the channel. The calculation 
of C involves a maximization over K variable with bevn ine= 
qualities constrains, Q(k) 2 0 and an equality constrains, 

y Q(k) = 1. The maximum value must exist since the function 
is continuous and the maximization is over 4 closed bounded 
region of vector space. 

The channels of interest here all have two inputs and 
are symmetric, as shown in Figure 9, so that the capacity 


formula reduces to 
C = oe rP(4|0) log, see? + PEZ|2) lo PCj tl) 4 
2 sho J 52 “PG ’ So “PCG 


C3) Oy 2S Cale afc 








Then 
A, Ke As 
C = A.log + AOR +. 2.tha Oe. =e 
1° °52Th_ +A.) /2 ea 2 Rees 
eer (Aj+Az_,)72 (A,tA, )/2 
‘i A, 
GS sl) i loys 
s=1 + “© (A, +A ) 
j “J-itl 


where A,> ee eee mar ie 1 C ONG aay neni aaL probability of receiving 


output letter j given that input letter k is transmitted. All 
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@etatls of modulator, channel and demodulator are compressed 


into the probabilities {A,} 


{ 





~ 


Figure 9. Conditional probabilities P(j|k) 


hore) urpule and K = 2 input. 
P(j[0) = P(J-j-1|1) = Asay 

The amplitude quantizer may be one of the five shown in 
Figure 10, denoted J = 2,3,4,8 and 16[Ref. 4]. Considering 


for J = 2, K=e 


J vt 
C= 1.0 + ) A; log, 
= SL eee 
eel Clock Ay log, Ay it A, ager A. 
= Or enlogsepe+ (1—p) Mileage (l=) 
ck . 
where p = A, l-p = Ay. p = Q( Ww”? 


thus C = 1.0 - H(p), channel capacity. 
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-3t fe = St re 


(e) 


Pemee aoa doe lay 6151413 12111 0 
Ay 6 Pasay} aati iolt fA 1A 146 fs Fay [43] 45 | Ay 


-7ja -ba -4a -20 a O a@ 2a Ly 6a 7o t 
Fig. 10. Amplitude quantizers (a) J=2, hard 
decision, (b) J=3, binary-symmetric 


erasure, (c) J=4 with double null zone, 


(ayeves, (oe), J=20 with a ee 
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D. SEQUENTIAL DECODING 

A sequential decoder is one which decodes by making 
tentative hypothesis as it goes along and by changing these 
hypothesis, when subsequent choices indicate an earlier 
incorrect hypothesis [Ref. 3, page 263]. 

From Gallager [Ref. 3], a property of sequential de- 
eoding systems is that the computation C required to decode 
peoeeey 1S a Farecto random variable; that is, its distribution, 


for large L assures the form 


Pr[C > L] = KL’? as L approaches © 


where p is the solution of R = R 





p 
E_(p) 
R, = bits/channel use 
Jel eee) 
E,(p) = Max {-log, JC J ak) PCj[k) 77"? 9**9) 
Q(k) j=0 k=0 


0 <9 < @ 


where the general formula of Efe) is shown ia ao pe NG axe 
The computation a sequential decoder must perform to 
decode an information digit is a random variable, and Rpis 
the rate above which the pvh moment of this random variable 
fails to exist.When 9 = 1, the symbol Deane is customary 


bRef. 5]. In order to operate with finite average 


ie 





computation, R must be less than ea Thismeondi1 tion can 
be translated into a minimum value of E/N, in the same way 
wemae the condition of R»< C yield a minimum value of E/N: 
In Chapter III, minimum valuesof E/N, are SUveneuoe Vcielous 


rate and quantization levels. 


oe ty “ 
én *e Fh . ‘ 


8 MAK En 


=> 





i CAPACITY shO@scoFS.bUE TO CODINGwAND OUTPUT QUANTIZATION 


From page 19, the channel capacity is 


A. 
J aL 

= LeU + ; 
C= 10.0 ane Lobo" = 

i J-itl 
Curves for various amplitude quantizers as shown in Figure 10 
are presented in Figure ll. The curves are plotted for the 
value of EWN, required to achieve C = RK versus R for 
J = 2,3,4,8 and 16, where K = 2. 


Table I gives the value of EWING vs R for various 


values of Jd. 
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IE Jee ig et LOSSES DUE TO CODING AND OUTPUT QUANTIZATION 
eee 


Gireves. Of B/N, versus R are Prescmrcommoer a euce Teor 
mo 1Oouc Values of J to achieve p = 1, or Romp = R, where 
K = 2. 

Table II gives the value of E/N, vs R. Here, as in 
dable I, R is treated as a continuous variable, although 


in practice R is usually the reciprocal of integer to 


simplify coder and decoder design. 
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IV. PERFORMANCE OF p VERSUS BLN, non RK = Ms 


=e) 
, — — O 
By solving R Ry : , curves of 9 vs EV /N, 


for various values of R are presented in Figures 13, 14 and 





15 for J = 2,4 and 8 respectively and are useful for design 
mradeort. 

itmwitinbe seen that, for vexample, in Figure 15 at 
o = 1 the value of EAN, is 2.65 dB for R = 1/2 corresponded 
to Figure 12 at R= 1/2, and at p = O the value of E/N, is 
-0.66 dB for R = 1/4 that is the same with the value of 


E/N, in bieimestietor J = 8.2R = 1/74. 
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V. SUMMARY AND CONCLUSION 


The objective has been to present a unified treatment 
of efficiency losses due to coding and quantization in a 
fon SYStem with additive white eee Performance curves 
and tables are given for useful design tradeoffs. 

In Chapter I the basic concept of the Shannon limit with 
Pespect to antipodal bit-—by-bit PSK is presented. In 
Chapter II, III, and IV, tables and curves showing expected 
ieocm periormance are préesenved. The expected performance 
figures were obtained by computer-aided analysis. 

its ShOnneunas tneeme limit of fane ouvput quantrzavion 


ana low-rate coding the Shannon limit is approached. 
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APPENDIX A 
iF 
GENERAL FORMULA OF Ep) AND Douay 


From Gallager [Ref. 3] define for a discrete memoryless 
Channel with K input symbols and J output symbols, 





J-1 K-1 
E,(o) = “O* {- logy J CF aceyp(g |e) /7*P3?*?) 
j=0 k=0 
E.(p) 
and KF. = O° 
p p 
Let ltp = vr, Qk) = Q(k) , K#=2 
J-1 
E,(p) = = 1logs(Q(k))” - log, YT cecs fone Parcg [ay 
a= 
= = 10g,(@(k))” - 1og,{LP(0]0)?/P+Pp(of1)/P 
[P(1|0)1/? ep} /F 7° 
+ 
B [oeatesl oy MG aa es 
ego) = = log, (Q(k))* - Log, {(Ay/ THs T)P4(A5/THay/ T+ 


l/r ‘I/v r 
+(AZ +A) ie} 


where A;> flies, ... 50 (LS ethe conditicnaimeprosanliacy. 
of j given k as shown in the following figure Tor K= 2. 
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Assy = | (0) 
. = eae |) 
. rd 
| 
= Q(k)r _ eae. 
EMG) =ee> Wee) = log, ED Cay’ tay 4.) dee 
1 
For Q(k) maximum = > 
a ee tal 
_ 1 eae 22 
Reomp = 72:9 1085 (5) - 1B, ae whe ange 
2 
= 2.0 - Log f(ay/*+a3/*)* + (a5! P4ay/S) + 
We, 1/22 . 
+(AZ +A, aa 
J J | ee 1/2 
R = 2.0 - log, [2 Ja, +2 } (ASAs_a4a) J 
See i=] i=l 
2 2 
Secl.0 ~deeeil.0+ ) (a) ee 
i=l oe 


a 


35 





C. 


Re 


LIST OF REFERENCES 


Baeopenmon, “A Mathematical Theory of Communication," 
Bell System Tech. J., Vol. 27, p. 379-423, 623-656, 
1948, 


Daestorney, Jre, “Codaimep and its Application in Space 
Communication," IEEE Spectrum, p. 47-58, June 1970. 


G. Gallager, Information Theory and Reliable Communi- 


cation, New York: Wiley, 1968. 


M. Jacobs, "Sequential Decoding for Efficient 
Communication from Deep Space," IEEE Transactions on 


Communication Technology, Vol. Com-15, No. Y, August, 
gO]. 


M. Geist, "An Empirical Comparison of Two Sequential 
Decoding Algorithms," IEEE Transactions on Communica- 
orem Techno Lette, Vol. Com-19, No. uw hmeget, oye 


36 





EAL Ditswis Owens ot 


No. Copies 


Defense Documentation Center 2 
Cameron Station 
Alexandria, Virginia 22314 


Lbaprary, Code O212 ra 
Naval Postgraduate School 
Monterey, California 93940 


Professor G. H. Marmont al? 
Department of Electrical Engineering 

Naval Postgraduate School 

Monterey, California 93940 


Asst. Professor J... Geaisy if 
e. Oneeowlo4 1 
Melbourne, Florida 32901 


ADM. Kamol Sitakalin 3 
C-in-C, Royal Thai Navy 

Wangderm, Thonburi 

Bangkok 6, Thailand 


RADM. Chalerm Chaturabong 3 
Director, Naval Personnel Department 

Wangderm, Thonburi 

Bangkok 6, Thailand 


RADM. Prapat Chanvirat 3 
Commandant, Naval Academy 

Ssamut Prakarn province 

Thailand 


VADM. Sawat Pawanarit 5 
Commandant, Naval Officers College 

Wangderm, Thonburi 

Bangkok 6, Thailand 


LCDR Boon J. Rit Nualprasert 2 
53/17 Charansanitwong Road 

Bangkoonsri, Bangkoknoi, Thonburi 

Bangkok 6, Thailand 


y// 









Security Cla S811 C8 ere erenaeeree — sc neces ee A Pa 
. DOCUMENT CONTROL DATA- R&D 


pSecurity classificetion of title, body of abstract and indexing annotation must be entered when ths overall report ts classified) 
mGRIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION 
Naval Postgraduate School Uncwiac sified 
Monterey, California 93940 2b. GROUP 


P REPORT TITLE 


Coding and Quantization Losses for the Coherent White 
Gaussian Channel 


4 DESCRIPTIVE NOTES (Type of report end, inclusive dates) 


Master's Thesis; December 19/2 


5. AUTHOR(S) (First neme, middle taltial, last name) 


Boon J. Rit Nualprasert 


Fi 


December 1972 39 


ta. CONTRACT OR GRANT NO. Pa, ORIGINATOR'S REPORT NUMBE RIS) 


b. PROJECT NO. 


€. : SBD OTNMER REPORT NOIS) (Any other numbere thet may be eesigned 
thie report) 


d. 


10. DISTRIBUTION STATEMENT 





meproeved for public release, distribution unlimited. 





12. SPONSORING MILITARY ACTIVITY 





11. SUPPLEMENTARY NOTES 


Naval Postgraduate School 
Monterey, California 93940 





13. ABSTRACT 





Communication of binary data over an additive white Gaussian 
channel by means of coded transmission over coherent phase-shift 
keyed modems is considered. It is found that for High rake codes 
and coarse receiver output quantization, the minimum value of 
E,/N, required for reliable communication is Signaficantly htemer 
than the Shannon limit of -1.6 dB. for the raw channel. This loss 
of efficiency is investigated quantitatively as a Munctrion Gi eee 
rate and coarseness of quantization, and shown to be negligible 
for low rate code with fine quantization. Similar results are 
presented showing the minimum BAN & ratio fer opemation in the 
region where a sequential decoder performs finite average 
computation. In connection with this, tables and curves are @imven 
which show the value of the Pareto parameter 9 aS a function 
of E/N: 


DD FORM 1A73 “(PAGE 1) 


S/N 0101-807-6811 38 Security Classification A-31408 





7 Security Classification 
> . Ee a ree re eae eae = Pee . Pas -) oan 5 hte 
q LINK B LINK ¢ 
KEY WOKOS : 





Coding Losses 
Quantization Losses 
Wmeacte Gaussian Channel 





DD oO" 1473 (Back) 


ee A A CC 
mN O10!-807-6821 | 39 Security Classification a-31409 














141654 


| Thesis 

|N9465 Nualprasert 

ef Coding and quantiza- 
tion losses for the co- 
herent white Gaussian | 
channel. 





al 
thesN9465 
Coding and quantization losses for the c 


INNO 


3 2768 000 99655 7 
DUDLEY KNOX LIBRARY 

















































































































































































































